The proper functioning of any biological system depends on the coordinated activity of its components. Regulation at the genetic level is, in many cases, effective in determining the cellular levels of system components. However, in cases where regulation at the genetic level is insufficient for attaining harmonic system function, posttranslational regulatory mechanisms are often used. Here, we uncover posttranslational regulatory mechanisms in the prokaryotic ubiquitin-like protein (Pup)-proteasome system (PPS), the bacterial equivalent of the eukaryotic ubiquitin-proteasome system. Pup, a ubiquitin analog, is conjugated to proteins through the activities of two enzymes, Dop (deamidase of Pup) and PafA (proteasome accessory factor A), the Pup ligase. As Dop also catalyzes depupylation, it was unclear how PPS function could be maintained without Dop and PafA canceling the activity of the other, and how the two activities of Dop are balanced. We report that tight Pup binding and the limited degree of Dop interaction with high-molecular-weight pupylated proteins results in preferred Pup deamidation over protein depupylation by this enzyme. Under starvation conditions, when accelerated protein pupylation is required, this bias is intensified by depletion of free Dop molecules, thereby minimizing the chance of depupylation. We also find that, in contrast to Dop, PafA presents a distinct preference for highmolecular-weight protein substrates. As such, PafA and Dop act in concert, rather than canceling each other's activity, to generate a high-molecular-weight pupylome. This bias in pupylome molecular weight distribution is consistent with the proposed nutritional role of the PPS under starvation conditions. Dop | mycobacteria | PafA | proteasome | Pup
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Responsible for coupling the tagging of proteins with their concomitant proteasomal degradation, the PPS is functionally analogous to the ubiquitin-proteasome system and is conserved in the phyla Actinobacteria and Nitrospira (1, 2) . At the time of its discovery, the PPS was deemed as being important for Mycobacterium tuberculosis virulence (3) . Later, the PPS was found to be essential in both M. tuberculosis and the nonpathogenic model mycobacterial species Mycobacterium smegmatis under starvation conditions (4, 5) . In response to nitrogen limitation, the PPS activity is induced, leading to accelerated tagging and degradation of cellular proteins, presumably to meet nutritional needs (5) . The tagging molecule, Pup (prokaryotic ubiquitin-like protein), is a small protein comprising 64 amino acids in M. tuberculosis and M. smegmatis (6) . Pup is encoded by the first gene of the prcSBA operon, with the remaining genes, prcB and prcA, encoding the proteasome 20S core particle (20S CP) β and α subunits, respectively. Unlike ubiquitin, Pup is natively unfolded (7, 8) , and poly-Pup chains are rarely assembled (9, 10) . The Pup moiety of a modified protein is recognized by the proteasome regulatory particle termed Mpa in mycobacteria and Arc in nonmycobacterial species (11) (12) (13) . Pup, therefore, functions as a degradation tag that directs proteins to proteasomal degradation. PafA is the sole enzyme catalyzing Pup conjugation to target substrates, coupling ATP hydrolysis to the formation of an isopeptide bond between the side chains of Pup C-terminal glutamate and a substrate lysine (6, 14) . PafA presents a remarkable broad specificity, recognizing a variety and apparently unrelated protein targets via a mechanism that remains poorly understood (5, 9, (15) (16) (17) . The broad specificity of PafA correlated well with the proposed role of the PPS as an amino acid recycling factory under starvation conditions (5) .
Pupylation is a reversible process ( Fig. 1) , with pupylated proteins being rescued from degradation following depupylation by Dop (deamidase of Pup) (18, 19) . PafA (proteasome accessory factor A) and Dop are homologous enzymes, both binding Pup through interaction with its extended C-terminal region (20) (21) (22) (23) . In mycobacteria and many related PPS-encoding species, Dop also functions as a Pup modifier that catalyzes the first step in the pupylation pathway (20) . In such species, Pup is translated with a C-terminal glutamine (hereafter, Pup Q ), rather than a glutamate
Significance
This work describes how a basic regulatory challenge, namely the balancing of two opposing activities of a single enzyme while coordinating these actions with the activity of another enzyme, is addressed in a biological system. In the Pup-proteasome system, the bacterial parallel of the ubiquitin-proteasome system, Pup modification by Dop (deamidase of Pup) is a prerequisite for pupylation by proteasome accessory factor A. Paradoxically, Dop also reverses pupylation through its ability to depupylate substrates. We show that this challenge is resolved posttranslationally by combining substrate discrimination based on molecular weight, and by regulating enzyme levels in response to external stimuli. These findings provide an example of how directionality and coordination of enzyme activities in a single pathway are regulated according to physiological requirements of the cell.
Author contributions: Y.E. and E.G. designed research; Y.E., Z.R., N.H., and I.K. performed research; Y.E., Z.R., N.H., R.R., I.K., and E.G. analyzed data; and Y.E. and E.G. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. Email: gure@bgu.ac.il.
(Pup E ). Dop is thus needed for the conversion of this terminal glutamine into glutamate before PafA can act. As such, both PafA and Dop must act for pupylation to occur in Pup Q -encoding species (Fig. 1 ). This scenario, however, presents an apparent paradox. On the one hand, Dop (acting as a deamidase) must work in concert with PafA to promote pupylation. On the other hand, the depupylase activity of Dop counteracts the actions of PafA, thus giving rise to a futile cycle in which ATP is hydrolyzed with no net pupylation occurring. Accordingly, regulation is needed to coordinate the deamidase activity of Dop with the activity of PafA and to synchronize these functions with the depupylase activity of Dop to prevent wasteful cycles of pupylation and depupylation.
Here, we provide evidence for such regulation and its basis on two distinct principles: the competition for Dop binding by its substrates and the opposing substrate size preferences of Dop and PafA. We report on preferred interaction of Dop with untagged , as this version of the protein can be easily detected on fluorescence scanning of the gel. The second substrate addressed was a pupylated lysine covalently linked at the alpha amine to the fluorescent dye 5-carboxyfluorescein (5-FAM), thus corresponding to a very small depupylation substrate termed Pup-Fl ( Fig. 2A) . Following depupylation, the 5-FAM-lysine moiety is released from Pup, as can be easily detected by SDS/PAGE followed by fluorescence scanning of the gel (24) . The third and fourth substrates were pupylated PanB and IdeR, two bona fide M. smegmatis pupylation targets (10) . PanB is a homo-decamer comprising 31-kDa subunits, whereas IdeR is a homo-dimer of 26-kDa subunits. The pupylated and nonpupylated forms of these proteins can be distinguished as separate bands following SDS/PAGE and CBB staining. In vitro reactions involving the four Dop substrates were initiated and aliquots were removed at intervals for SDS/ PAGE-based analysis. The results showed that, whereas the smaller substrates, Pup-Fl and Fl-Pup Q , were processed by Dop in less than 10 min, depupylation of the protein substrates was much slower and did not reach completion even after 6 h ( Fig.  2A) . In both the pupylated PanB and pupylated IdeR samples, unpupylated targets copurified along with the pupylated proteins and remained as impurities of considerable amounts ( Fig. 2A) . It is conceivable that these impurities inhibited Dop activity, thus explaining the slow depupylation rates of pupylated IdeR and PanB reflected in Fig. 2A . However, this possibility was excluded by the results of experiments in which Fl-Pup Q deamidation and Pup-Fl depupylation in the presence or absence of purified PanB and IdeR were compared. No effect of IdeR and PanB inclusion was observed in both cases (Fig. S1 ), indicating that Dop indeed depupylated pupylated IdeR and PanB very slowly, compared with Pup-Fl depupylation and Fl-Pup Q deamidation ( Fig. 2A ). These observations are consistent with previous findings showing that M. tuberculosis Dop depupylated a pupylated lysine in vitro much faster than it did pupylated PanB (19) .
We next sought to expand the analysis by examination of additional depupylation substrates. However, such expansion is limited to those few model pupylation substrates available for in vitro studies and, more accurately, to those that can be purified in their pupylated form. As an alternative, we turned to examine depupylation of proteins in cell lysates. To this end, proteins in an Escherichia coli lysate were pupylated in vitro for 1.5 h using purified M. smegmatis PafA and Pup E , after which time PafA, engineered to present a polyhistidine tag, was removed from the reaction mixture using Ni ++ -NTA beads. The unbound protein fraction (Fig. S2 ) included the pool of pupylated proteins. Following addition of Dop and ATP, aliquots were removed at intervals for Western analysis using antibodies against Pup. Over the course of 2 h, the intensities of bands corresponding to HMW proteins hardly changed, whereas a gradual decrease in the intensities of bands corresponding to LMW proteins was observed (Fig. 2B ). These findings are consistent with the results presented in Fig. 2A and indicate that Pup Q deamidation occurs much faster than depupylation of protein substrates, with the exception of very small ones.
We wondered whether Dop interacts with Pup Q better than it does with a pupylated protein. Therefore, an experiment was performed in which Pup-PanB or Pup Q (20 μM) was added to a buffer containing a Dop:Pup-Fl complex (comprising 2 μM each), before Pup-Fl dissociation from Dop in response to competition by Pup-PanB or by Pup Q was monitored. Pup-Fl binding to Dop translates into a high fluorescence anisotropy of Pup-Fl. As a result, Pup-Fl anisotropy in a control sample that did not include a competitor remained high and stable throughout the course of the experiment (20 min) (Fig. 2C) . In contrast, a sharp decrease in Pup-Fl anisotropy was observed on addition of Pup S3 ). To get a better sense of the affinity of the two Pup forms to Dop, a titration experiment was conducted in which Pup-Fl anisotropy was measured at constant Dop and increasing Pup concentrations. The results indicated that both Pup Q and Pup E tightly bound Dop (Fig. 2D) . A model describing the interaction of an enzyme with a tight-binding competitor (25) (Experimental Procedures) was fitted to the data, yielding apparent dissociation constants of 5 ± 1 nM for Pup Q binding and 1 ± 2 nM for Pup E binding (Fig. 2D) . If the exceedingly high affinity between Pup and Dop is maintained in the cell, then one of these proteins (the one present at a lower concentration) should be found almost exclusively bound to the other. To test this hypothesis, PAGE under native conditions was performed. Such analysis revealed that purified unbound Dop, Pup E -bound Dop, and Pup Q -bound Dop migrated differently in native gels (Fig. 2E) . Accordingly, lysates of exponentially growing and stationary phase M. smegmatis cultures were subjected to PAGE under native conditions, followed by a Western analysis using antibodies against Dop. Although no bands were detected on analysis of a lysate prepared from a Δdop strain, a clear band that migrated like purified unbound Dop was detected in the lysate of a Pup-deficient mutant. By contrast, in lysates prepared from exponential and stationary phase WT strain cells, Dop mostly migrated like purified Pup E -bound Dop. This observation means that Dop was bound to either Pup E or to another Pup variant (Pup Q or a pupylated protein) that was converted to Pup E as a result of a Dopmediated reaction during sample preparation. In all three Dopcontaining lysates, a low-intensity band was detected (marked with an asterisk in Fig. 2E ) that migrated faster than did either the unbound or the Pup-bound forms of Dop. Presumably, this band corresponds to Dop molecules bound to some cellular component other than Pup. Importantly, in both lysates prepared from the WT strain, bands corresponding to unbound Dop were not detected, suggesting that the levels of Pup, either in its free forms or conjugated to proteins, in WT cells exceeded those of Dop.
Dop Is Depleted in the Absence of Pup in Stationary-Phase Cells. An experiment in which Dop levels were examined in various PPS mutants revealed that Dop is practically absent from Pup-deficient cells at the stationary phase (Fig. 3A) . In this experiment, aliquots were removed for Western analysis using antibodies against either Dop or Pup during exponential growth (i.e., as soon as the turbidity of the cultures reached an OD 600 of 1.2), and 26 h afterward, when the cells were already at stationary phase. The levels of Dop in the WT strain at exponential phase were comparable to those found in stationary phase cultures (Fig. 3A) . In contrast, Dop was hardly detectable in a ΔprcSBA mutant at stationary phase. This mutant lacks both Pup (encoded by prcS) and the proteasome 20S CP (encoded by prcBA). Complementation with prcS fully restored Dop levels at stationary phase, whereas prcBA complementation failed to do so, indicating that it is Pup, rather than the 20S CP, on which Dop presence depends at stationary phase. Normal Dop levels were detected in a mutant lacking PafA, indicating that free Pup, rather than pupylated proteins, is sufficient to support Dop expression at stationary phase. It is of note that in the liquid medium used in this study to grow M. smegmatis cultures, the carbon source, glycerol, is a growth-limiting factor (Fig. S4) . We previously showed that the PPS is essential in carbon-starved M. smegmatis cells and to a higher extent under nitrogen starvation conditions. Therefore, to test whether nitrogen starvation also led to Dop depletion in the absence of Pup, a culture of a prcSBA deletion mutant was grown exponentially until the cells were harvested, washed, and resuspended in medium lacking a nitrogen source. Aliquots were then collected at intervals for Western analysis using anti-Dop antibodies. Dop was poorly detected 7 h from the onset of starvation and was completely absent at the 24-h postnitrogen starvation time point (Fig. 3B) . In contrast, complementation with prcS resulted in only a mild and gradual accumulation of Dop following starvation. Quantitative real-time PCR analysis revealed similar levels of the dop transcript in the prcSBA mutant at the exponential and stationary phases, comparable to those levels measured in the WT strain (Fig. 3C) . It thus appears that the disappearance of Dop in the absence of Pup results from a posttranscriptional event.
Pup Binding Stabilizes Dop and Prevents Its Depletion. We hypothesized that Pup binding by Dop is directly responsible for prevention of Dop depletion under starvation conditions. If so, then a Dop mutant defective in its ability to bind Pup should disappear at stationary phase, even in the presence of Pup. Several M. tuberculosis dop mutants were previously described, one of which, R206A, was undetectable in vivo under the growth conditions used (26) . Based on the crystal structure determined for Acidothermus cellulolyticus Dop, it was concluded that the arginine 205 of the A. cellulolyticus enzyme is involved in Pup binding through an interaction with the Pup C-terminal α-carboxylate (21). In agreement, A. cellulolyticus R205A (Fig. 4A) . In comparison, Dop R206A bound Pup-Fl poorly with three orders of magnitude lower affinity (K D = 3.8 ± 0.3 μM), thus supporting the effect of the R206A mutation deduced by Özcelik et al. (21) . We next asked whether Pup could support Dop R206A expression at stationary phase. To this end, the mutant protein was expressed from a chromosomally integrated plasmid in a Δdop strain (Fig. 4B and Fig. S5A ). Cultures of this and of control strains (i.e., the WT, the ΔprcSBA strain, and a Δdop mutant expressing WT dop) were grown, and aliquots were removed at exponential phase (OD 600 = 1.2), and 26 h later, when the cells had already reached stationary phase. Mild differences between the levels of WT and mutant Dop were observed in exponentially growing cells (Fig. 4B) . In contrast, Dop R206A was poorly detected at stationary phase, regardless of the presence of Pup. Moreover, the low levels of the R206A mutant were comparable to those of WT Dop expressed in a Pup-deficient mutant. These results support our hypothesis that Pup binding prevents Dop depletion at stationary phase. The high affinity observed between Dop and Pup E (Fig. 2D ) suggests that unless excess substrate is present, Dop remains tightly bound to Pup E at the end of a catalytic cycle, be it deamidation or depupylation. We therefore asked whether specifically the E form of Pup can protect Dop in vivo to prevent its depletion at stationary phase. Before this question can be answered, it is important to note that the experiments described up to this point could not distinguish between the effect of Pup E from that of Pup Q on Dop levels at stationary phase. To gain such resolution, Pup E and Dop were expressed from a chromosomally integrated plasmid in a Δdop Δprc Δpaf triple mutant. In this strain, Pup E is the only Pup variant present, as endogenous prcS is deleted and no pupylated proteins are formed due to the lack of PafA (Fig. S5B) . When Western analysis was performed using antibodies against Dop, it was noted that the levels of Dop at stationary phase in this strain were slightly higher than at exponential phase (Fig. 4C) . Importantly, the levels of Dop seen at stationary loading controls stationary phase were much higher than those levels detected in a control strain not expressing Pup, yet similar to those levels detected in a second control strain expressing Pup Q instead of Pup E (Fig. 4C) . These results indicate that Pup E binding can efficiently prevent the depletion of Dop at stationary phase. Does Pup binding thermally stabilize Dop? This notion was supported by an experiment in which Dop was preincubated at 45°C for increasing times with or without Pup (both the E and Q forms), before Pup-Fl depupylation was measured. Preincubation with either the E or Q forms of Pup protected Dop, with a greater effect being observed for Pup E (Fig. 4D) . Even at the earliest time point following preincubation at 45°C (15 min; Fig. 4D ), Dop preincubated in the absence of either Pup variant lost all detectable activity, whereas the enzyme preincubated with Pup E retained 90% of its initial activity. At the same time, enzyme preincubated with Pup Q only preserved 50% of its initial activity. These findings indicate that Pup binding stabilized Dop and protected it against thermal inactivation.
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Controlling Dop Levels Balances Deamidation with Depupylation.
Based on our findings, we hypothesized that the low availability of unbound Dop is central to proper PPS functioning, especially under starvation conditions, where depletion of unbound Dop takes place. To better understand why this would be important, we sought to determine the effect of Dop overexpression on pupylation in M. smegmatis. To this end, M. smegmatis dop was cloned into a mycobacterial plasmid (pMV206) under the transcriptional control of a strong promoter: the M. smegmatis hsp60 promoter. Exponential and stationary phase cells harboring this plasmid presented a 7-and 25-fold increase at the dop mRNA level, respectively, compared with cells containing an empty vector (Fig. 5A) . However, a barely detectable increase was noted when the Dop protein level was assessed (Fig. 5B, Upper) , suggesting that Dop overexpression had been counterbalanced, potentially at the proteolytic level. In accordance, hardly any changes were observed in the pupylation level compared with a control WT strain not expressing plasmid-encoded Dop (Fig. 5B, Lower) demonstrate the robustness of the PPS with respect to maintenance of low levels of unbound Dop. To disrupt this robustness, we expressed A. cellulolyticus Dop (hereafter, Ac-Dop) in M. smegmatis as a surrogate for the native protein. Ac-Dop efficiently depupylates M. smegmatis Pup-Fl (24) . A binding experiment revealed a K D of 25 ± 10 nM between Ac-Dop and Pup-Fl (Fig.  5C ), indicating that the affinity between Ac-Dop and Pup-Fl is within the same range of the affinity found for M. smegmatis Dop and Pup-Fl. As such, Ac-Dop deamidated M. smegmatis FlPup Q efficiently and even slightly faster than did M. smegmatis Dop (Fig. 5D) . Accordingly, FLAG-tagged Ac-Dop was expressed in a M. smegmatis Δdop mutant under the hsp60 promoter. Ac-Dop overexpression in exponentially growing cells led to pupylation of many cellular proteins, indicating that Pup Q deamidation was indeed successful in vivo (Fig. 5E) . At stationary phase, much higher levels of Ac-Dop were detected, probably due to its accumulation in nondividing cells (Fig. 5E, Upper) . Most importantly, this increase in Ac-Dop levels at stationary phase resulted in a dramatic reduction of the entire pupylome levels (Fig. 5E, Lower) . These findings indicate that low Dop levels promoted efficient pupylation, whereas high Dop levels, which are normally avoided in the cell, shifted the balance between the two activities of this enzyme to facilitate depupylation of the entire pupylome.
Opposing Size Preference of PafA and Dop. We noticed that Western blot analysis of M. smegmatis and M. tuberculosis lysates using anti-Pup antibodies preferentially detect HMW proteins (5, 19, 26) . In the present study, we observed that, although most detected proteins were in the HMW range (∼45-75 kDa), an almost continuous spectrum of proteins, ranging from HMW to LMW, was present on the PVDF membranes used for blotting (Figs. 3A and 5 B and E). As the mass of Pup is only 7 kDa and because polypupylation hardly occurs in vivo (10), these observations suggest that the pupylome is biased toward HMW proteins. If some of the bands detected in these blots represent proteins that form oligomers in their native form, then the molecular weight bias of PafA substrates is actually greater than depicted in Figs. 3A and 5 B and E. Interestingly, the K m values previously measured for PafA substrates inversely correlate with the molecular weights of these substrates, when the oligomeric forms are considered (Fig. 6A) . However, this correlation should be regarded with caution, as the PafA recognition mechanism, although as yet unknown, likely involves factors other than the substrate size. This notion is supported by the fact that many M. smegmatis and M. tuberculosis HMW proteins were not detected in the pupylomes of these species (5, 9, 15, 16) . It is further supported by the fact that a good substrate can be converted into a poor substrate by mutagenesis of its target lysine (10, 27) , a mutation that hardly affects its size and the accessibility of other lysines in the protein.
Hence, to better assess the molecular weight distribution of proteins in the pupylome, as opposed to the proteome, pupylated proteins were purified from M. smegmatis cultures as described previously (5, 9) . Briefly, Pup presenting both polyhistidine and strepavidin tags was expressed in M. smegmatis and pupylomes were purified from stationary phase cultures via tandem purification procedures involving Ni ++ -NTA and Strep-Tactin affinity chromatography (Fig. S6) . Lysates from cultures not expressing the dually tagged Pup served as controls. Purified proteins, identified by MS, were considered to be part of the pupylome only if they were detected in extracts prepared from cultures expressing the dually tagged version of Pup but not from the control culture. Exceptions were made for proteins that were previously verified as pupylation targets, regardless of their presence or absence in the control samples. Overall, 120 proteins were detected as being modified by purified dually tagged Pup, 23 of which were also detected in the control samples. Eventually, 101 proteins were considered as putative pupylation targets (Dataset S1). Of these, the target lysines of 31 proteins were identified by tandem MS analysis (Dataset S1 and Fig. S7 ). To obtain a comparable dataset from the M. smegmatis proteome, whole cell lysates were subjected to tryptic digestion and analyzed by tandem MS in the same manner as was the pupylome. Such analysis led to the identification of 712 M. smegmatis proteins that are referred to here as the proteome (Dataset S1). Comparison of the molecular weight distribution of proteins in the pupylome vs. the proteome revealed a clear bias of the pupylome toward HMW species (Fig. 6B) . Indeed, the median molecular weight of proteins comprising the pupylome was 7.6 kDa higher than the comparable value in the proteome (43.8 and 36.2 kDa, respectively). Although this difference is statistically significant free Lys (1) IdeR (2) PanB (10) Mpa ( (P < 0.002), limitations of our MS analysis suggest that it is probably an underestimate. Specifically, our analysis did not take into account the number of pupylated copies of each protein species, leading to underrepresentation of the number of better pupylation targets.
The biased molecular weight distribution could have been attributed to Dop depupylase activity, because we observed that Dop poorly depupylates HMW proteins compared with depupylation of LMW ones (Fig. 2B) . However, an HMW pupylome is also obvious in cultures where Dop is hardly expressed (Fig.  5B) . We therefore tested whether PafA more efficiently pupylates HMW proteins than it does LMW ones. To this end, in vitro pupylation was conducted using purified M. smegmatis PafA and Pup E and proteins of an E. coli lysate as pupylation targets. We observed pupylation immediately on PafA addition to an E. coli lysate containing purified Pup E and ATP (Fig. 6C) . Notably, the molecular weights of those proteins pupylated at the earliest time points were relatively high (∼50-64 kDa), but were not the largest targets available. This observation is consistent with the notion that in addition to size, other factors, such as recognition determinants that have yet to be characterized and/or substrate concentration, also determine the efficiency of PafA-mediated pupylation. However, as was the case with M. smegmatis cells, predominantly HMW proteins in the E. coli lysate were pupylated. These results reflect that preference for HMW protein substrates is an inherent property of PafA. It should, however, be noted that, at later time points, LMW proteins were also pupylated, indicating that PafA can pupylate such proteins, albeit less efficiently than HMW ones. Altogether, the results presented here indicate that, when at low cytoplasmic levels, Dop can act in concert with PafA to generate a pupylome of HMW protein components.
Discussion Competition for Substrate Binding and Exclusion of HMW Substrates
Balance Deamidation with Depupylation. We demonstrated here that size-based discrimination of substrates is used by Dop to balance its two activities, namely deamidation and depupylation. The high affinity of Dop for Pup Q , a substrate smaller than any pupylated protein, directs preferential deamidation at the expense of depupylation, especially of HMW pupylated proteins. However, for this mechanism to work properly, the concentration of Dop must be sufficiently low, such that substrates, i.e., Pup Q and pupylated proteins, would compete for Dop binding. We found this to indeed be the case, as schematically summarized in Fig. 7 , where the three factors involved are represented. The first factor is the thermal instability of unbound Dop. This property eliminates the contribution of this pool of Dop molecules, thus reducing the size of the Dop population available for substrate binding. The second factor is tight binding of Pup E , the product of both deamidation and depupylation, by Dop. This finding is not surprising, given the extended Pup region involved in Dop binding (21, 22 binding to the enzyme. The outcome of Pup E binding therefore is a reduction in the concentration of free enzyme available for substrate binding. Given that the affinity of the two Pup forms to Dop is within the same range (K D of 5 and 1 nM, respectively; Fig. 2D . A sink effect generated by PafA, when using Pup E as a substrate, can facilitate substrate binding to Dop. The third and final factor responsible for balancing the deamidation and depupylation activities of Dop is the depletion of unbound Dop, most likely via proteolysis. It is possible that proteolysis targets unbound misfolded Dop molecules, although this may not necessarily be the case. It could well be that unbound, yet properly folded Dop molecules are targeted for proteolysis, and that Pup binding sequesters or masks a degradation tag inherent to Dop. Regardless of the exact mechanism involved, unbound Dop is depleted at a much faster rate under starvation conditions, an observation fully consistent with the demonstrated induction of pupylation on starvation (5). Indeed, when pupylation and degradation of pupylated proteins need to be induced, it becomes more important that Dop acts as a deamidase than as a depupylase. Increasing the rate of free Dop removal under such conditions intensifies the competition for Dop binding by its substrates and, as a result, further diminishes the degree of depupylation. The previously reported finding that Dop R206A, a mutant defective in Pup binding, was undetectable in M. tuberculosis (26) , indicates that the regulatory mechanism described here is conserved between M. smegmatis and M. tuberculosis. Given that the natural habitat of these two mycobacterial species are very different from one another (M. smegmatis is a saprophytic mycobacteria, whereas M. tuberculosis is an obligatory pathogen), it seems that tight control over unbound Dop levels is central to PPS regulation across species.
One can ask, given the scenarios described in this study, whether depupylation of large proteins occurs at all. In principle, this should occur when levels of pupylated proteins are sufficiently high, relative to those of Pup Q . For instance, in a 20S-deficient mutant, pupylated proteins accumulate in response to nitrogen starvation, followed by a reduction in their levels (5) . Without degradation of accumulated pupylated proteins, their concentration increased to a level that enabled depupylation to take place. Although physiological conditions that would necessitate rapid depupylation in the wild type strain have yet to be defined, overloading of the proteasome under certain conditions could be envisaged. It was recently proposed that Dop may function to recycle Pup by deconjugating Pup molecules from substrates before their degradation by the proteasome (28) . Although convincing evidence in support of this hypothesis is still lacking, our findings here suggest that such a Dop function must involve a mechanism that will allow efficient depupylation of HMW proteins.
Opposing Size Preference of PafA and Dop. As PafA and Dop present opposing substrate size preference, substrates preferentially selected by PafA become poor Dop substrates. As such, these two enzymes can function simultaneously without completely cancelling out each other's activity. Indeed, the opposing substrate size preference of these two enzymes minimizes the occurrence of futile pupylation-depupylation cycles and allows the system to act directionally in coordination. Although the mechanism by which PafA recognizes its substrates is yet to be deciphered, one can imagine several ways in which substrate HMW could contribute to recognition. For instance, the proper arrangement of residues necessary for PafA binding may be complex, such that HMW proteins would be expected to have higher chances of presenting the relevant motif, simply because HMW proteins contain more amino acids combinations than do LMW proteins. Alternatively, PafA binding could require interaction with substrate sites distant from each other, such that LMW proteins would have low chances to properly interact with the enzyme. Deeper understanding of the PafA recognition mechanism will surely lead to understanding of the bias in MW of PafA substrates. Those proteins that are eventually recognized by PafA become Dop depupylation substrates. However, whereas a conjugated Pup moiety is sufficient for recognition by Dop, HMW proteins make for poor Dop substrates. This apparent inconsistency could be explained by steric hindrance between Dop and the pupylated protein, preventing efficient docking of Pup into the elongated binding groove on Dop. In agreement, PanB depupylation can be facilitated by Mpa substrate unfolding, which presumably leads to an increased accessibility of the isopeptide bond into the Dop active site (19) .
Degrading Proteins with Caution. The regulatory design uncovered here not only allows PafA and Dop to function in coordination. It also minimizes potentially harmful side effects of PPS function on starvation. Together, PafA and Dop generate a pupylome biased toward HMW proteins. To this end, PafA selects for HMW proteins, whereas Dop acts as a safety regulator that rescues those LMW proteins occasionally pupylated by PafA. The seemingly odd outcome of a HMW pupylome is consistent with the PPS acting as an amino acid recycling factory under starvation conditions (5) . Indeed, for the purpose of amino acid recycling, PafA and Dop together minimize damage to cellular function by facilitating degradation of only few HMW proteins instead of many LMW ones to obtain the same amount of amino acid products.
Experimental Procedures
Bacterial Strains and Growth Conditions. M. smegmatis strain MC 2 155 and its derivative PPS mutants (29) were grown at 30°C in minimal medium (30) containing 40 mM K 2 HPO 4 , 22 mM KH 2 PO 4 , 15 mM (NH 4 ) 2 SO 4 , 1.7 mM sodium citrate, 0.4 mM MgSO 4 , 0.4% glycerol (vol/vol), and 0.05% Tween-80 (vol/vol). To induce nitrogen starvation, exponentially growing cultures were harvested, centrifuged, washed thrice, and resuspended in similar media lacking (NH 4 ) 2 SO 4 . Solid media were prepared using Middlebrook 7H10 supplemented with 0.4% glycerol. E. coli ER2566 (New England Biolabs) was routinely used for all cloning procedures and was grown using typical procedures on LB broth and plates at 37°C. The Δdop strain was generated using a recently developed gene KO system (31) . The same system was used for generation of the Δdop-Δprc-Δpaf triple mutant via consecutive deletion of the respective genes. Generation of the Δprc mutant was previously described (29) . For generation of complementation strains, the complementing genes were cloned into the integrative mycobacterial plasmid pMV306 (32) before transformation into M. smegmatis. The mycobacterial hsp60 promoter was cloned from plasmid pYUB870 (33) in fusion to the M. smegmatis and A. cellulolyticus dop genes and into plasmid pMV206. Cultures harboring pMV206 derivatives were grown at 37°C with kanamycin (10 μg/mL).
Proteins. All proteins used in this study were recombinant M. smegmatis proteins, with the exception of Ac-Dop. PafA, Pup, and PanB were purified as described by Ofer et al. (34) , Dop variants and Pup-Fl were purified as described by Hecht and Gur (24) , and IdeR, pupylated PanB, and pupylated IdeR were purified as described by Regev et al. (10) . The M. smegmatis pupylome was purified as described in Elharar et al. (5) . Full-length proteins served as antigens for immunization, except in the case of Dop, where a synthetic peptide was used. All antibodies were affinity purified. Polyclonal antibodies against Pup and Dop were produced by Covance, whereas antiPafA antibodies were produced by Adar Biotech. All antibodies were affinity purified.
Binding and Depupylation Assays. The buffer used for all binding assays contained 50 mM Hepes (pH 7.5), 100 mM KCl, 20 mM MgCl 2 , 10% (vol/vol) glycerol, and 1 mM DTT. Depupylation assays were performed in binding buffer containing ATP (2 mM). When E. coli lysate proteins served as pupylation substrates, binding buffer containing ATP (2 mM) was used, and creatine phosphate (CP) and CP kinase were added for ATP regeneration at final concentrations of 20 mM and 5 U/mL, respectively.
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The following equations were used for model fitting to the data: r = r 0 + r max E E + K D [1] r = r 0 + r max 1 − ðE + C + K′Þ − ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðE + C + KÞ
In these equations, r is the measured anisotropy, r 0 is the anisotropy in the absence of Dop, r max is the increase in anisotropy of fully bound PupFl, S is the concentration of Pup-Fl, E is the concentration of Dop, C is the competitor concentration, and K' equals K i (1 + S/K D ). Eq. 1 is a standard binding equation and was fitted to steady-state binding data (Figs. 4A and 5C), whereas Eq. 2 was adapted from Morrison (25) and fitted to binding competition data (Fig. 2D) . K i in this case is equivalent to an apparent K D .
Gel Electrophoresis. For SDS/PAGE, Bis-Tris (pH 6.6) gels were used. For detection of in-gel fluorescence, emission at 521 nm was measured using a Typhoon FLA 9500 scanner (GE Healthcare). For native PAGE, gels comprising separating and stacking layers were prepared. The stacking layer comprised 320 mM Tris·HCl, pH 8. , at a flow rate of 300 nL/min. A full scan, acquired at 60,000 resolution, was followed by collision-induced dissociation (CID) MS/MS analysis performed for the 10 most abundant peaks in the data-dependent mode. Fragmentation (with minimum signal trigger threshold set at 1,000) and detection of fragments were carried out in the linear ion trap. Maximum ion-fill time settings were 300 ms for the high-resolution full scan in the Orbitrap analyzer and 100 ms for MS/MS analysis in the ion trap. The AGC settings were 5 × 10 5 and 1 × 10 4
for Orbitrap and linear ion trap analyzers, respectively.
